This study examined the surface roughness (Ra) and shear bond strength (SBS) of Yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramic after airborne particle abrasion at different pressures and particle sizes, pre-and post-sintering. Ninety specimens, prepared from Y-TZP ceramic blocks (Vita In-Ceram YZ, Vita Zahnfabrik), were divided into nine subgroups: control, and 50 and 110 µm Al2O3 airborne particle abrasion at 3 and 4 bar pressure, before and after sintering, respectively. According to the sintering order, before and after surface treatments, Ra values were measured using a profilometer. SBS to Y-TZP was assessed after thermocycling, using self-adhesive resin cement (Rely X U200, 3M ESPE). Scanning electron microscopy (SEM) and X-ray diffractometry (XRD) were performed on one specimen per group. All surface-treated samples were rougher than the controls. ABS50-4 (50 µm Al2O3 airborne particle abrasion at 4 bar pressure before sintering), ABS110-3, and ABS110-4 showed the highest Ra values, among all cohorts. The controls displayed lower SBS values than the treated groups (p<0.05), which had statistically similar results to each other. Airborne particle abrasion of pre-sintered Y-TZP, followed by sintering, increased the tetragonal structure contents.
INTRODUCTION
Metal-ceramic restorations are among the most commonly used treatment options in fixed partial dentures but have several disadvantages, such as discoloration due to the metal frame showing at the gingival margin, an opaque shade unlike natural teeth and possible metal allergy, which deems them unacceptable for both clinicians and patients 1) . Particularly, the high demand for esthetics in recent years has led to the development of all-ceramic restorations 2) . Dental ceramics with a high crystalline content, such as zirconia ceramics, are a popular core material for fixed restorations, due to their high fracture toughness 3, 4) and chemical inertia 5, 6) compared to other silica-based ceramics.
Zirconia has superior physical properties and high biocompatibility, which has attracted clinical research investigations and led to its applications as a framework for crowns and fixed partial dentures [7] [8] [9] [10] . Zirconia has three different crystallographic phases: at room temperature, pure zirconia exists as a monoclinic crystal structure while it transforms to a tetragonal structure at 1,170°C and cubic structure at 2,370°C 6, 11, 12) . When zirconia is cooled down, a tetragonal-monoclinic transformation occurs 6) , and the zirconia expands 3 to 5% in volume [11] [12] [13] , creating stresses in the material that may cause cracks 14, 15) . In dental applications, zirconia is usually stabilized by the addition of 3 mol% yttrium oxide, which ensures its tetragonal crystalline phase at room temperature 15, 16) . However, under high localized stress, such as grinding, sandblasting, and impact, phase transformation exhibits a volume expansion that induces compressive stresses, thereby closing the crack tip and preventing crack propagation. This mechanism is commonly referred to as transformationtoughening 13, 17, 18) . Nonetheless, an excessive amount of transformed monoclinic phase may cause strength reduction 19) . Consequently, microcrack formation at the intergrain level, which would be detrimental to the longevity of the restorations, may occur as a result of surface treatments 20) . Yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) has broad applications in dentistry, such as frame material for crowns and metal-free fixed partial dental prostheses 21) , implants and abutments 22) , and orthodontic brackets 23) . Computer-aided design/ manufacturing technology has simplified the laboratory procedures required when using Y-TZP for dental prostheses 5) , as manufacturing techniques can be used to mill dental restorations from pre-sintered or fully sintered Y-TZP blocks 24, 25) . Various types of cement have been proposed for luting Y-TZP ceramic 26) , yet resin cements are preferred due to their superior retention 27) , marginal fit 28) , and increased durability of restorations 29) . Y-TZP is chemically and biologically inert, so it is difficult to obtain an acceptable bonding to the tooth structure 30) . Several surface treatment methods, such as hydrofluoric acid etching, grinding, airborne particle abrasion with aluminum oxide (Al 2O3), tribochemical silica-coating, and laser irradiation have been suggested to achieve a bond to Y-TZP ceramic 13, [31] [32] [33] [34] . Hydrofluoric acid etching, a popular surface treatment method, followed Effect of airborne particle abrasion and sintering order on the surface roughness and shear bond strength between Y-TZP ceramic and resin cement by silanization, is not efficient to produce significant surface changes in ceramics with a high crystal content 35) . Therefore, airborne particle abrasion has been recommended to roughen the Y-TZP surface 36) . Besides increasing the surface roughness, airborne particle abrasion can improve the adhesion by cleaning the Y-TZP surface, providing undercuts and enhancing high surface energy and wettability 37) . On the contrary, airborne abrasion may cause surface damage 38) and, due to the phase transformation, abrasion may affect the mechanical properties and reliability of Y-TZP ceramic. A decrease in the strength, which is related to the transformation extent, may also occur, due to missing transformation capacity during critical loading 15) . Surface treatment of Y-TZP for cementation is typically carried out after the sintering process, but this may increase the monoclinic phase of Y-TZP, demanding an additional heat treatment. For this reason, it is thought that the airborne abrasion of presintered Y-TZP, followed by the sintering procedure, may produce monoclinic structures in a reduced amount than post-sintering abrasion, which may improve the mechanical properties of Y-TZP ceramic 15) . It has also been reported that applying surface treatments at the pre-versus post-sintered stage, leads to higher surface roughness values 39) . In comparison to the existing data on the bond strength between Y-TZP and resin cement after different airborne particle abrasion and sintering protocols, information about the effect of surface treatments on Y-TZP ceramic treated before sintering is limited 15, 40, 41) . The purpose of this in vitro study was to examine the surface roughness and shear bond strength (SBS) of self-adhesive resin cement to Y-TZP ceramic after airborne particle abrasion, using various particle sizes and at different pressures, pre-and post-sintering. The two null hypotheses were that 1) the surface roughness of Y-TZP and 2) the SBS of resin cement are not affected by airborne particle abrasion performed pre-and post-sintering, with various particle sizes at different pressures.
MATERIALS AND METHODS

Preparations of the specimens
Ninety specimens were cut from a pre-sintered Y-TZP block (Vita In-Ceram YZ, Vita Zahnfabrik, Bad Säckingen, Germany), using a sectioning saw (Isomet 1000, Buehler, Lake Bluff, IL, USA) under running water. Table 1 presents the brand names, manufacturers and lot numbers of the materials used in this study. The surface of each sample was ground using silicon carbide abrasive papers (400, 600, 1000, and 1200 grit) for 15 s under water irrigation, to obtain standardized smooth surfaces. The specimens were ultrasonically cleaned in distilled water for 10 min and air-dried before surface treatments. The prepared specimens were randomly divided into nine groups, as follows: control group (nontreated); 50 µm Al 2O3 airborne particle abrasion at 3 bar pressure before sintering (ABS50-3); 110 µm Al2O3 airborne particle abrasion at 3 bar pressure before sintering (ABS110-3), 50 µm Al2O3 airborne particle abrasion at 4 bar pressure before sintering (ABS50-4), 110 µm Al 2O3 airborne particle abrasion at 4 bar pressure before sintering (ABS110-4), 50 µm Al2O3 airborne particle abrasion at 3 bar pressure after sintering (AAS50-3), 110 µm Al 2O3 airborne particle abrasion at 3 bar pressure after sintering (AAS110-3), 50 µm Al 2O3 airborne particle abrasion at 4 bar pressure after sintering (AAS50-4), and 110 µm Al2O3 airborne particle abrasion at 4 bar pressure after sintering (AAS110-4). Airborne particle abrasion procedures were performed at a distance of 20 mm for 15 s.
Prepared specimens were sintered in a furnace (Protherm MOS 160, Ankara, Turkey), according to the manufacturer's instructions, and were then embedded in auto-polymerizing acrylic resin.
Measuring the surface roughness
Before the surface roughness test, all specimens were ultrasonically cleaned in distilled water for 10 min to remove any surface residues. The surface was measured using a profilometer (Surftest SJ-210, Mitutoyo, Tokyo, Japan), to obtain the surface roughness values (R a, µm). Surface roughness tests were conducted on 1) airborne particle abraded non-sintered specimens, 2) remeasurements of the same airborne particle abraded specimens in step 1 after sintering, and 3) sintered and then airborne particle abraded specimens. For each sample, nine traces were recorded at three locations, in parallel, perpendicular, and oblique directions.
Scanning electron microscopy (SEM)
A scanning electron microscope (EVO LS-10, Zeiss, Cambridge, UK) was used to visualize one specimen from each group, at 1,000 and 5,000× magnifications, separately.
X-ray diffractometry (XRD)
Before and after airborne particle abrasion, one specimen from each group was examined by XRD (Bruker D8 Advance, Bruker AXS, Karlsruhe, Germany) using monochromatic Cu-Kα radiation. 
RESULTS
Surface roughness analysis
The highest Ra values were observed in the treated and tested before sintering (TBS) groups while the control groups showed the lowest values. Nine subgroups, except TBS groups, were statistically analyzed using one-way ANOVA. Surface roughness R a values showed statistically significant (p<0.001) differences between the various groups. Table 2 lists the mean values, standard deviations, and group comparisons. ABS50-4, ABS110-3, and ABS110-4 showed significantly higher R a values compared to the other groups (p<0.05), and the control group exhibited lower Ra values than the treated groups (p<0.05). Additionally, paired sample t-tests, which were undertaken to compare the repeated measurements of the before and after sintering groups (Table 3) , indicated there were significant differences in the R a values between the pre-and post-sintering process, for all treatment protocols (p<0.05). Roughness values were remarkably decreased after sintering.
SBS analysis
One-way ANOVA revealed significant differences in SBS between subgroups (p<0.001). According to Tukey's HSD test results, all the treated groups showed higher SBS values than the control group (p<0.05, Table 4 ). Among the groups, AAS110-3 and AAS110-4 presented higher SBS values, but there were no statistically significant differences between the ABS and AAS groups (p>0.05). Pressure and particle size of abrasion had a slight but non-significant effect (p>0.05) on the SBS values.
Pearson's correlation test, which allowed to identify any associations between the measured parameters, revealed no significant correlation existed between the SBS and R a values (p=0.35, r=0.10). Figure 1 summarizes the calculated X m (%) values. The highest Xm values were observed in the ABS (TBS) groups (15-22%). The ABS and control groups tested after sintering consisted of almost full tetragonal phases (0.7-1.1%). XRD patterns (Fig. 2) revealed that monoclinic peaks decreased to nearly zero. On the contrary, after the airborne particle abrasion procedure in sintered specimens, prominent monoclinic peaks appeared. The monoclinic phases were present at between 7.2-10.4%. Sintering and airborne particle abrasion order dramatically affected the X m values.
XRD analysis
SEM analysis
The SEM images of the non-treated surfaces appeared relatively smooth when compared with the air-abraded specimens (Fig. 3) . The surface topography of the airborne particle abrasion pre-sintering groups was considerably different from the airborne particle abrasion postsintering groups, as evident in the SEM images. Visible roughness of the air-abraded Y-TZP surface topography was evident (Figs. 4-7 ). In the airborne particle abrasion pre-sintering groups, the Y-TZP surface exhibited a grainy structure with round edges, whereas the Y-TZP surface showed a sharp-edged structure in the airborne particle abrasion post-sintering groups. Moreover, the SEM images in Figs. 5 and 7 revealed that 110 µm particle size of air abrasion at both 3 and 4 bar pressure, increased the surface irregularities and changed the surface morphology of sintered specimens compared to 50 µm airborne particle abrasion, corroborating the R a results (Figs. 4 and 6 ). Airborne particle abrasion with 110 µm at 4 bar pressure created deep grooves on the surfaces, especially on the treated pre-sintering specimens (Fig. 7A) . 
DISCUSSION
Surface treatment plays an important role in the SBS and increases the surface wettability 43) . It also increases the surface area and surface energy for the adhesion of resin cements and promotes micromechanical retention 44) . However, bonding to Y-TZP has always been a challenging issue, as the material is acid-resistant due to its polycrystalline structure 29, 35, 45) . To achieve adequate bond strength between Y-TZP and resin cement, airborne particle abrasion is recommended 36, 46) . The present study was designed to evaluate the effects of airborne particle abrasion, using various particle sizes and at different pressures, on the R a and SBS of Y-TZP, with varying orders of sintering. It was found that all treated surfaces were roughened significantly compared to the untreated ones. The increase in R a also strengthened the connection between resin cement and Y-TZP ceramic.
Particle size, duration, pressure, and the distance between the applying probe and the ceramic surface are the key factors when using airborne particle abrasion 35) . Independent studies have evaluated the effects of different particle sizes and pressures 15, 30) . In a study by Su et al. 37) , sandblasting at a pressure ≥2 bar, longer blasting times, and larger powder sizes increased shortterm bond strengths. These authors also reported that the risk of failure increased with increased pressure. In the present study, the Al 2O3 particle sizes were 50 and 110 µm while the pressures were 3 and 4 bar, respectively. Among the sintered groups, ABS110-4 specimens, which were abraded pre-sintering with 110 µm Al2O3 particles at 4 bar pressure, displayed the highest Ra values. Furthermore, there were significant differences in the R a values between air abraded sintered groups with 50 and 110 µm Al2O3 particles, revealing higher Ra values after air abrasion with 110 µm particles and this finding was confirmed in the SEM images of Y-TZP surfaces. The results also demonstrated higher R a values when the specimens were treated pre-sintering relative to those treated post-sintering. This behavior was similar to that observed by Ebeid et al. 47) , who stated that despite using a reduced pressure to treat zirconia surface, enhanced R a values could be achieved, which might be related to the differences in densities between pre-sintered and sintered Y-TZP. Papia et al. 48) suggested that airborne particle abrasion may cause surface damage, as well as a significant loss of substances from the surface, potentially reducing the flexural strength of Y-TZP. Similarly, another previous study documented that airborne particle abrasion may cause damage to the ceramic, thereby decreasing the strength under cyclic conditions 49) . In contrast, Kern 50) stated that airborne particle abrasion produces significant clinical outcomes with no ceramic fractures during a 15-year followup. Chintapalli et al. 51) reported that airborne particle abrasion with particles sizes equal or smaller than 110 µm and pressures less than 4 bar increase the biaxial strength and the reliability, by inducing compressive residual stresses that counteract the abrasion-induced damage. An increased or decreased strength of the Y-TZP ceramic has been closely related to the transformation zone depth and length of cracks that occur on the surface after airborne particle abrasion 13) . Tsuo et al. 52) recommended Al2O3 particles of 50 µm for airborne particle abrasion of sintered Y-TZP, whereas, Phark et al. 53) concluded that airborne particle abrasion with either 50 or 110 µm Al 2O3 particles increases the SBS of Y-TZP ceramic. Aboushelib et al. 54) demonstrated that airborne particle abrasion of Y-TZP surface with 50 µm Al 2O3 increased the bond strength between the Y-TZP core and the veneer ceramic. Conversely, some researchers indicated that sandblasting of the Y-TZP surface does not necessarily enhance the bond strength of Y-TZP surface 55, 56) . Moon et al. 15) noted that sandblasted groups showed higher SBS values compared to the control group, but the differences between different sintering and air abrasion protocols were not significant. Similarly, among the specimens examined in the current study, the control group presented statistically lower SBS values while there were no statistical differences between the remaining cohorts. There was a slight increase in the 110 µm compared to 50 µm specimens with the same sintering order, but it was not statistically significant. The two null hypotheses that R a of zirconia and SBS of resin cement are not affected by airborne particle abrasion performed pre-and post-sintering with various particle sizes at different pressures were rejected.
Abi-Rached et al. 40) investigated the effect of different airborne particle abrasion and sintering protocols on the bond strength of Y-TZP ceramic to resin cement. The authors reported that changes in surfaces with air abrasion pre-sintering probably impaired the wettability of Y-TZP. The authors found higher bond strength values with the air abrasion pre-and postsintering, when used in combination. Su et al. 37) examined the SBS of Y-TZP ceramic to a composite resin using various sandblasting conditions and observed mean SBS values between 9.10-13.11 MPa. In comparison, the mean SBS values in the present study were considerably lower (2.35-4.92 MPa) probably because the mentioned study used 10-methacryloxydecyldihydrogen phosphatecontaining bonds.
Thermal cycling, which is considered to be a clinically relevant aging procedure, is most often used to test the durability of resin bonds, because the chemical, thermal, and mechanical factors in the mouth affect the bond strength between the resin cement and the restorative material 4, 33, 38) . Similarly to Al-Shehri et al. 30) , a shortterm thermal cycling (5,000 cycles) was performed in our study. Also, the application of thermocycling process in our study may have reduced the mean SBS values.
Airborne particle abrasion generates stress on Y-TZP surfaces, which accelerates tetragonal-monoclinic transformation 13, 15) . In the present study, while the monoclinic phase of AAS groups was between 7.2-10.4%, the values in the ABS group ranged from 0.7-0.9%. In AAS groups, the specimens with abraded 110 µm Al 2O3 particles at 4 bar pressure showed the highest monoclinic phase. This finding may be attributed to high stress levels on surfaces due to airborne particle abrasion. The sintering process performed after the airborne particle abrasion protocol increased the content of tetragonal structure. Also, the monoclinic phase was importantly decreased post-sintering. These findings agree with those documented by Moon et al. 15) , who reported that this situation might improve the mechanical properties of Y-TZP ceramic. The reduced proportion of monoclinic phase seen for sintering after airborne particle abrasion can be an advantage 15) . Ebeid et al. 47) also observed only peaks characteristic of the tetragonal phase in the XRD patterns of air-abraded and then sintered Y-TZP specimens; however, subgroups air-abraded in the pre-sintered stage and un-sintered condition showed a combination of monoclinic and tetragonal peaks. Also, in the current study, the airborne particle abrasion process affected the Y-TZP surface structure of both groups. While the airborne particle abrasion before sintering created round edges on the Y-TZP surface, airborne particle abrasion after sintering formed a sharp-edged Y-TZP surface, which might decrease the fracture strength.
The limitations of the current study were the use of only one type of resin cement and also insufficient aging time. Therefore, future investigations should focus on using different resin cements or Y-TZP primers and examine the effect of long-term aging on the material structure and bond strength. Moreover, further studies of airborne particle abrasion with varying distances and pressures are needed to understand the effects on surface roughness and phase transformation of Y-TZP, and also bond strength between Y-TZP ceramic and resin cement.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. Airborne particle abrasion treatment to the Y-TZP surface is an important step to improve surface roughness and the bond strength. 2. Surface roughness was remarkably decreased after sintering of the Y-TZP specimens.
3. SBS values were not significantly influenced by the air pressure and particle size of airborne abrasion. 4. Airborne particle abrasion before sintering may be recommended as a surface treatment of Y-TZP ceramic to receive a tetragonal surface structure.
